Diatoms are one of the most successful and ecologically important groups of eukaryotic 4 phytoplankton in the modern ocean. Deciphering their genomes is a key step towards better 5 understanding of their biological innovations, evolutionary origins, and ecological 6 underpinnings. Here, we have used 90 RNA-Seq datasets from different growth conditions 7 combined with published expressed sequence tags and protein sequences from multiple taxa 8 to explore the genome of the model diatom Phaeodactylum tricornutum, and introduce 1,489 9 novel genes. The new annotation additionally permitted the discovery for the first time of 10 extensive alternative splicing (AS) in diatoms, including intron retention and exon skipping 11 which increases the diversity of transcripts to regulate gene expression in response to nutrient 12 limitations. In addition, we have used up-to-date reference sequence libraries to dissect the 13 taxonomic origins of diatom genomes. We show that the P. tricornutum genome is replete in 14 lineage-specific genes, with up to 47% of the gene models present only possessing 15 orthologues in other stramenopile groups. Finally, we have performed a comprehensive de 16 novo annotation of repetitive elements showing novel classes of TEs such as SINE, MITE, LINE 17 and TRIM/LARD. This work provides a solid foundation for future studies of diatom gene 18 function, evolution and ecology. fixation 1 . Marine diatoms are highly diverse and span a wide range of latitudes, from tropical 5 to polar regions. The diversity of planktonic diatoms was recently estimated using 6 metabarcoding to be around 4,748 operational taxonomic units (OTUs) 2,3 . In addition to 7 performing key biogeochemical functions 4 , marine diatoms are also important for human 8 society, being the anchor of marine food webs, and providing high value compounds for 9 pharmaceutical, cosmetic and industrial applications 4 . A deeper understanding of their 10 genomes can therefore provide key insights into their ecology, evolution, and biology.
Several mapping pipelines (see Methods) were used, allowing the prediction of 12,233 gene 20 models with an average gene length of 1,624 bp and ~1.7 exons per gene. The predicted 21 Phatr3 gene models were then compared to the Phatr2 gene models 22 (http://genome.jgi.doe.gov/Phatr2 /Phatr2.home.html) and their structural differences can 23 be grouped into the following categories (Table 1, Table S1 ): 24 25 1) New gene models, genes that are newly discovered and are not present in Phatr2 gene 26 annotations.
27
2) Unchanged gene models, gene whose structural annotation remains the same as in 28 Phatr2.
29
3) Modified gene models, genes whose structural annotation has a different 5' end, 3'end 30 or both 5' and 3' ends with respect to Phatr2. Thirty of these genes with a different N 31 terminus in Phatr3 compared to Phatr2 were validated by their presence within a 32 previously constructed multi-gene reference dataset of aligned plastid-targeted proteins 33 that are well conserved across ochrophyte lineages (File S1, panel A) 10 . The N-terminus 34 identified by the Phatr3 gene model in each alignment broadly matches the N-termini 35 identified for orthologous sequences from other ochrophytes (File S1, panel B).
36
Furthermore, RT-PCR analysis of six genes within this dataset amplified genes with 37 product length predicted by Phatr3 (File S1, panel C). Phatr3_EG02341) that merge two domains which are often found together in several 41 other organisms (e.g., a calcium binding EF-hand and a protein kinase). Likewise, a 42 response regulator domain was found to merge with histidine kinase (Phatr3_EG02387), 43 which both are part of the two-component regulatory system widely used by living 44 organisms to sense and respond to changes in their environment 18 . Several other 1 examples of merged protein domains of the same pathway can be found in Table S1. 2 5) Split gene models, genes that are formed by splitting one Phatr2 gene into two Phatr3 3 gene models. 4 6) Antisense gene models, genes that are found localized on the antisense strand of 5 previously annotated Phatr2 genes. 6 7) Others, 566 genes which do not fall into any of the categories above. These genes require 7 manual curation which can be achieved through the Web Apollo Portal we implemented 8 to improve the Phatr3 genome annotation. Since the length of 56 genes in the Phatr3 9 repertoire is less than 100 bp, we only considered 12,177 genes for further functional 10 analysis (Table S1 ).
12 13
Assessment of the conservation and complex evolutionary origin of P. tricornutum genome
15
In light of the recent availability of numerous genome and transcriptome sequences from 16 many under-sampled taxa (e.g., red algae) through resources such as the Marine Microbial 17 Eukaryote Transcriptome Sequencing Project 10,17 , we wished to update and re-dissect the 18 proposed complex chimeric nature of the P. tricornutum genome. We first aimed to assess 19 the conservation of the P. tricornutum proteome across various taxonomic categories, which 20 we grouped together based on recent published phylogenies and taxonomic reviews (File 21 S2) 10, 19 . From this analysis, a total of 9,008 (74.0%) of the genes within the P. tricornutum 22 genome were found shared with at least one other group within the tree of life. This is 23 substantially greater than the ~ 60% of P. tricornutum genes previously identified to have 24 orthologues in other groups 7 , underlining the importance of dataset size and taxonomic 25 sampling when considering gene conservation 11 . Up to 251 different conservation patterns 26 were identified across the entire genome, thirteen of which each accounted for 100 genes or 27 more ( Fig. 1) . Many of the genes were found to have broad distributions across the tree of 28 life, with 4,543 genes (37.3%) found in at least five of the nine groups considered. These 29 included 203 genes (1.7%) in all groups studied, and 1074 (8.8%) in all groups except viruses 30 ( Fig. 1 ; Table S2 ). A further 1,188 genes (9.8%) were universally found across all eukaryotic 31 groups but neither in prokaryotes nor viruses, hence might constitute eukaryote-specific 32 genes ( Fig. 1 ; Table S2 ).
34
We still found, with the expanded dataset, that many genes within the P. tricornutum genome 35 have limited evolutionary conservation, with 5750 genes (47.2%) having originated within the 36 recent vertical history of the stramenopile lineage. A total of 3,170 genes (26.0%) were found 37 to be specific to P. tricornutum, 1,929 were only shared between P. tricornutum and other 38 diatoms (15.8%), and 651 were only shared with diatoms and other stramenopiles (5.3%) ( Fig.   39 1). We found only limited evidence for genes that were not shared between Phaeodactylum 40 and other diatoms, but were shared with other groups (410 genes, 3.4%), or for genes that 41 were not shared between Phaeodactylum and other stramenopiles but were shared with 42 other groups (242 genes, 2.0%), suggesting largely vertical recent inheritance of the 43 Phaeodactylum genome (Table S2) .
45
Further, we wished to determine whether the 1,489 novel genes uncovered by Phatr3 differ 1 in terms of evolutionary conservation to those previously identified. While many of the novel 2 genes are specific to P. tricornutum (864 genes; 58.0%; Fig. S1 ) or are limited to diatoms (222 3 genes; 14.9%; Fig. S1 ), 44 genes (13.6%) are shared with at least five other groups, and 4 novel 4 genes are shared with all nine groups considered ( Fig. S1 ), including a UvrD-like DNA helicase 5 containing protein (Phatr3_EG00261), CTP biosynthetic process (Phatr3_EG00931), telomere 6 recombination (Phatr3_J11434) genes and a high motility group protein (Phatr3_J1241), 7 confirming that many of these genes are likely to have important biological functions.
9
In our second analysis, we aimed to reassess the evolutionary origins of the P. tricornutum 10 genome. In particular, we wished to validate the presence of genes derived from green algae 11 and from prokaryotes, which have previously been controversial 7,9,11 , and identify whether 12 different predicted gene transfer events occurred specifically in P. tricornutum, or are more 13 ancient events, occurring prior to the radiation of pennate diatoms, all extant diatoms, 14 stramenopiles, or previously.
16 17
Prokaryotic genes
19
Across the entire dataset, 584 genes yielded top BLAST hits against prokaryotes (Table S3) , 20 which is similar to the number of prokaryotic genes (587) identified in the initial publication 21 of the P. tricornutum genome 7 . Similarly to the initial genome publication, the prokaryotic 22 sub-category that produced the most top hits (235) was the proteobacteria (Table S3 ; Fig. 
23
S2A). Nine other sub-categories (cyanobacteria, firmicutes, chlorobi, archaea, actinobacteria, 24 chlamydiae, chloroflexi, the Deinococcus-Thermus clade, and planctomycetes) contributed 25 more than ten hits each ( Fig. S2A ; Table S3 ). The 15 gene transfers involving members of the 26 Deinococcus-Thermus clade are of particular interest, as this lineage has not previously been 27 reported to have specifically exchanged genes with an ancestor of P. tricornutum 7 .
29
We considered whether the prokaryotic genes present in the P. tricornutum genome are 30 recent acquisitions (e.g., species-specific), or occurred at earlier points in the evolution of 31 diatom lineages. This was not possible in the initial genome, for which the only other available 32 diatom genome was for the centric species T. pseudonana 7, 8 . For this, we performed an 33 analysis in which we serially removed the closest relatives of P. tricornutum in our sequence 34 library (which includes seven complete diatom genomes and transcriptomes for a further 92 35 diatom species available through MMETSP) 11,36 , and assessed the number of prokaryotic 36 genes that could be identified in each analysis. Twenty two of the prokaryotic genes were 37 identifiable with the full dataset (hence were specifically acquired by P. tricornutum following 38 its divergence from other diatoms), 69 were identifiable with a full dataset excluding pennate 39 diatoms (hence were presumably acquired within the evolutionary history of the pennate 40 lineage) and 202 were identifiable with the full dataset excluding all diatoms (hence were 41 acquired during the early evolution of diatom lineages, prior to the division of pennate 42 lineages from their closest relatives within the polar centric diatoms), with the remaining 291
43
showing more ancient origins (Table S3 ). Thus multiple gene transfer events involving 44 prokaryotes have occurred progressively through the evolution of ancestors of P. tricornutum. Across the entire dataset, 459 genes produced BLAST top hits against members of the red 4 algae, consistent with the red algal ancestry of the diatom plastid 4,20 ( Fig. 2A ). This is broadly 5 equivalent to the number of red genes identified in previous studies of diatom plastids 21 . The 6 two sub-categories with the greatest contributions to these genes were the 7 Porphyridiophytes (150 genes) and Bangiophytes/ Florideophytes (147 genes) ( Fig. S2B ; Table   8 S3). A total of 353 of the red algal genes were identified following removal of all ochrophyte 9 sequences from the dataset, with only a further 28 identified following the removal of 10 aplastidic stramenopile groups (oomycetes, labyrinthulomycetes, and slopalinids) and a 11 further 25 identified following the removal of the two remaining SAR clade groups (ciliates, 12 and aplastidic rhizaria) considered ( Fig. 2B ; Table S3 ). The limited number of genes of red algal 13 origin identified within aplastidic SAR clade members supports a late acquisition of a red algal 14 plastid by a common ancestor of all ochrophytes, following their divergence from oomycetes 15 10,22 .
17
Green genes
19
A total of 1,981 genes generated top BLAST hits from members of the green group (green 20 algae and plants). This is similar in size to the number of green genes (>1700) identified in 21 previous studies of the origins of diatom groups 21 , and could be consistent with large scale 22 gene transfer between diatom ancestors and green algae (Table S3) . Some of these genes may 23 be misidentified genes of red algal origin, as has been discussed elsewhere 11, 12 ; however, we 24 believe that many are genuinely of green origin, for two reasons. Firstly, compared to previous 25 phylogenomic studies of diatom genomes, our reference library contains a much larger 26 amount of red algal sequence information, including five complete genomes, and large-scale 27 transcriptomes for a further twelve red algal species (Table S4) 10 . Up to 685 of the identified 28 green genes had orthologues (as confirmed by the reciprocal best-hit (RbH) analysis) in two 29 or more red sub-categories, 314 had identified orthologues in two or more subcategories each 30 of red algae, green groups, amorphea (opisthokonts, amoebozoa and excavates) 19 and 31 prokaryotes, and 222 had identified orthologues in all five of the red sub-categories and all 32 eleven of the green sub-categories considered (Fig. S3A ). We saw no difference in the 33 representation of red and green algal sub-categories in genes with annotated red or green 34 origin ( Fig. S3B ).
36
Secondly, green gene transfers appear to have occurred at a different time point to the red 37 algal gene transfers. Although the largest number of putative green genes (805) were 38 identified with the dataset from which all ochrophyte groups were removed ( Fig. 2B ), nearly 39 as many (691) were identified following the removal of aplastidic stramenopiles from the 40 dataset ( Fig. 2A ). This contrasts to the situation for red genes (which were overwhelmingly 41 identified following the removal of all ochrophyte sequences from the library, as discussed 42 above; Fig. 2A ), and might potentially indicate two distinct gene transfer events between the 43 green algal and stramenopile lineages: an early transfer of green genes in an ancestral 44 stramenopile ancestor, and a subsequent transfer of green genes into an ochrophyte plastid, 45 possibly concomitant with or mediated via the acquisition of a chimeric ochrophyte plastid 10 .
1
In summary, our data therefore supports previous findings 10,21 of gene transfers between an 2 ancestor of stramenopiles and one or more groups of chlorophyte algae. More broadly, the 3 presence of green, red and prokaryotic genes in the P. tricornutum genome, which appear to 4 have arisen at different points in its evolutionary history, confirms that it is an evolutionary 5 mosaic, reflects examples of inferred gene transfer events in other major eukaryotic algal 6 lineages 10,23,24 , and underlines the significance of progressive horizontal gene transfer in the 7 evolution and diversification of modern algae 25 .
9
Update of the functional annotation of the P. tricornutum proteome 10 11
We next performed gene ontology analysis of the Phatr3 genes using UniProt-GOA (UniProt 
20
Interesting domain architectures were found among the genes that contain either Rv, RNase 
31
We further aimed to determine whether genes with different levels of conservation, as 32 determined by our analysis (Table S2) , have different functional properties in the P. 33 tricornutum genome. We performed GO enrichment analysis on four different biological 34 categories of genes, as defined by the presence or absence of orthologues in other lineages 35 by RbH analysis (Fig. 1 ). These were: the 3170 genes that are specific to P. tricornutum (Pt-36 specific genes), the 1929 genes that are uniquely shared with other diatoms (diatom-specific 37 genes), the 1188 genes that are shared across all eukaryotic groups, and the 203 genes that 38 are shared with all other eukaryotic groups and with prokaryotes ( Fig. 1 ; Fig S4; Table S5 ).
39
Interestingly, a high number of Pt-specific genes encode the DNA integration GO category,
40
which may indicate a permissive way for integration of genetic material from diverse sources, 41 thus creating novel genetic diversity. Of note, one Pt-specific gene (Phatr3_J49482) encodes 42 a Tir chaperone protein which functions in type III secretion system involved in pathogenicity,
43
although there is no evidence so far for the pathogenic potential of P. tricornutum. Regulation
44
of transcription is one of the important functional categories of diatom-specific genes, perhaps reflecting differences in promoter architecture compared to other eukaryotes such 1 as animals and plants. A large eukaryotic gene family shared with prokaryotes encodes 2 oxidation-reduction processes that may have relevance for maintaining the homeostasis of 3 unicellular organisms for an efficient metabolism.
5
Next, we used ASAFind and HECTAR to predict the sub-cellular targeting of the Phatr3 6 proteome (Table S6 ). Across Phatr3, 3196 proteins (26.3% total; Fig. S5A ) were predicted to 7 have a targeting sequence of some description by ASAFind, and 4067 proteins (33.3%; Fig.   8 S5B) were predicted to have a targeting sequence by HECTAR. We then compared the Phatr3 9 proteome targeting predictions with the new Phatr3 gene models and Phatr2 JGI gene 10 models. A greater proportion of the Phatr3 genes, including the new gene models, contain 11 complete N-termini than Phatr2 (Fig. S5) , reflecting that Phatr3 genes are better annotated 12 structurally (File S1). Using both analyses, non-trivial numbers of proteins were predicted to 13 have targeting predictions to individual cellular organelles, namely the plastid, 
24
We also considered the expression dynamics of each gene using quartile approach (where 25 elements of 1 st quartile are considered to have genes with no or low expression, 2 nd quartile 26 with low to moderate expression, 3 rd quartile with moderate to high expression, and 4 th 27 quartile with very high expression). Most of the novel genes (~70%) are expressed at below 28 the median level inferred for all other genes in the genome ( Fig. 3A ) and are mostly specific 29 to P. tricornutum (Fig. S1 ). We then compared chromatin marks associated with new versus 30 unchanged Phatr3 gene models and found that the proportion of DNA methylated genes 31 within new gene models (30%, 448 genes) was found to clearly delineate the proportion 32 within unchanged gene models (9%, 4,667 genes) ( Table S1 ). The majority of these are at least 33 methylated in CG context, which is in line with previous work 15 . Thus, along with boosting the 34 functional content of the genome, newly discovered genes will certainly expand our capacity 35 to understand the role of DNA methylation in the regulation of P. tricornutum molecular 36 machinery. Broadly, among the 1,489 new genes, 1,360 (~91%) genes are marked by at least 37 one of the epigenetic modifications studied previously (DNA methylation, H3K27me3,
38
H3K9me2, H3K9me3, H3K4me2 and H3K9_14Ac). Most of these genes (563 genes, 38%; Table   39 S1, Fig 3B) are marked by chromatin modifications associated with active chromatin states (Table S1 , Fig 3B) . The co-localization effect of different chromatin-level 44 modifications on these new genes regulates repressive, active and moderate states of 1 expression of the genome ( Fig 3B) .
3
Finally, we considered an update on the distribution of DNA methylation and post-4 translational modifications of histone H3 (PTMs) across the P. tricornutum genome, following 5 previous work 15, 16 . Up to 11534 genes (~95%) within Phatr3 were found to be either 6 associated to the studied H3 PTMs or to DNA methylation. Most of the genes are preferentially 7 labelled only by marks (6708 genes, ~55%) associated with an active transcriptional state, such 8 as acetylation (H3K9_14Ac) and/or H3K4me2 ( Fig 3C; Table S1 ), whereas ~8% genes are 9 marked only by repressive modifications (DNA methylation, H3K27me3, H3K9me2 and 10 H3K9me3) ( Fig 3C; Table S1 ). A total of 3896 genes (~32%) are marked by both active and 
31
First, we mapped the distribution and dynamics of introns in the P. tricornutum genome. In 32 total, we found 8646 introns (on average 0.7 introns per gene) with an average size of 142 bp, 33 from which >99.8% include canonical splice-sites (Acceptor Sites: AG/CT and Donor sites:
34
GT/AC). Up to 4014 (~33%) of the Phatr3 genes were predicted to contain only one intron, 35 while 1730 (~14%) genes contain more than one intron and 6434 (~53%) are predicted to be 36 intron-less. The low density of introns and small intron size observed in P. tricornutum is 37 similar to many unicellular eukaryotes, including the related diatoms T. pseudonana and 38 Fragilariopsis cylindrus 33,35,36 , which might mirror genome size, or enhance transcriptional 39 efficiency or splicing accuracy in metabolically fluctuating environments 37,38 . Notably, in P.
40
tricornutum we found no difference between the average lengths of the first intron with 41 respect to the others. This is similar to some species of the genus Phytophthora ( Fig S6) and 42 to what has been reported in Schizosaccharomyces pombe and Aspergillus nidulans 39 .
43
However, in most unicellular eukaryotes first introns are found to be significantly longer than non-first introns ( Fig S6) 39 . The functional consequences of this intron organization remain to 1 be determined.
3
Next, we profiled alternative splicing events in P. tricornutum using RNA-Seq data generated 4 in different growth and stress conditions (see Methods). From the 12177 Phatr3 gene models, 5 2924 (~24%) genes are found to have introns that can be retained in more than 20% of the 6 total experimental samples studied, while 2444 (~20%) genes are observed to skip one or 7 more exons in various samples. A total of 1335 (~11%) genes are found to undergo both ES 8 and IR, hence can perform alternative splicing ( Fig 4A; Table S1 ). Like most unicellular 9 eukaryotes and unlike metazoans, P. tricornutum shows a higher rate of IR than ES, supporting 10 the hypothesis that ES has become more prevalent over the course of metazoan evolution 32 .
11
We then considered the expression dynamics of P. tricornutum genes that undergo IR or ES 12 (Condition used: WT, Bio sample accession: SAMN06350643). Surprisingly, we found that 13 genes that can undergo intron-retention are more highly expressed than genes that do not 14 show alternative splicing (two sample t-test, P-value < 0.008, Fig 4B) . This is in contrast to the 15 situation in mammals in which intron-retention down-regulates the genes that are 16 physiologically less relevant 40 .
18
To further assess the biological role of alternative splicing, we identified 1341 genes showing 19 IR and 1099 genes with ES during an 18-hour time course under nitrogen-free growth 20 conditions (see Methods). By comparing the expression levels and intron dynamics of each 21 gene during the time course, we found a significant increase in the expression levels of genes 22 undergoing intron retention (two sample t-test with unequal variance, P-value < 0.05) ( Fig 4C; 23 Table S1 ). For example, genes in which intron retention was observed from 45 minutes in the 24 time course showed greater expression levels from this point onwards than in the immediate 25 time period following the induction of the nitrogen starvation condition. In contrast, we 26 observed a significant decrease in the expression of genes undergoing ES across different 27 time-points of nitrogen-free growth (two sample t-test with unequal variance, P-value < 0.05) 28 ( Fig 4C) . This indicates that the role of restructuring of genes via AS is non-trivial in maintaining 29 the physiology of the cells under fluctuating environmental conditions.
30
We further examined the functions of the genes that are alternatively spliced under nitrogen 31 starvation. We identified 81 GO categories which were significantly over-represented in either 32 the IR or ES across all or different time-points (Table S7 ; Fig S7) . Following the expression within 45 to 90 minutes of starvation induction 42 . Our data broadly suggest that ES, besides 44 creating mRNA diversity, seems to be used for transcriptional regulation of specific genes 1 under specific conditions in P. tricornutum and is likely to be widespread.
3 4
Copia-type LTR makes up most of the TEs in the P. tricornutum genome 5 6
In the context of the Phatr3 re-annotation of P. tricornutum genome, we also revisited the 7 annotation of repetitive elements in the genome assembly. In the current analysis, we applied 8 a robust and de novo approach for the whole genome annotation of repeat sequences.
9
Collectively, repeats were found to contribute ~3.4 Mb (12%) of the assembly, including 10 transposable elements (TEs), unclassified and tandem repeats, as well as fragments of host 11 genes ( Table 2) . TEs are the dominant repetitive elements in P. tricornutum and represent 12 75% of the repeat set, i.e., 2.3 Mb as compared to 1.7 Mb in the previous TE annotation. By 13 comparing the Phatr3 repertoire of TEs, including both large and small elements, with the 14 previous TE annotations, 1988 (~54%) TEs were found to be novel (Table S8 ).
16
In line with previous analyses, Copia-type LTR retrotransposons (LTR-RTs) are the most 
30
Next, we considered the epigenetic marks and expression profiles associated with TEs within 31 Phatr3. Consistent with previous reports 15, 16 , the majority (2790, ~75%) of the Phatr3 TE 32 repertoire is associated with one or other studied chromatin marks known to maintain either 33 active (H3K4me2, H3K9_14Ac) and/or repressive states (DNA methylation, H3K27me3,
34
H3K9me2, H3K9me3) of the genome (Fig S8A; Table S8 ). In contrast to coding regions,
35
(including the new gene models), ~50% (1845) of the TEs are marked solely by repressive 36 marks ( Fig S8A; Table S8 ), and only ~7% (268) TEs are marked solely by active chromatin marks 37 ( Fig S8A; Table S8 ). A total of 677 TEs (~18%) were found to be marked by both active and 38 repressive marks ( Fig S8A; Table S8 ). Profiling the chromatin landscape and DNA methylation 
42
H3K9-14Ac and H3K4me2, respectively ( Fig S8B; Table S8 ). A total of 458 (~23%) TEs were 43 methylated, most of which (368; ~80%) in a CG context only ( Fig S8C; Table S8 ), while 19 (~4%) 1 least two sub-contexts of DNA methylation (CG, CHH and CHG) ( Fig S8C; Table S8 ). As for 2 genes, TEs marked by active PTMs of histones show high levels of expression while those that 3 carry repressive marks display lower expression levels, and TEs with combinations of both 4 marks are expressed at intermediate levels (Fig S8A, S8D) . TEs that are methylated specifically 5 in CG context are typically expressed at lower levels compared to those specifically 6 methylated in CHG or CHH contexts ( Fig S8E) .
8
Finally, we compared the epigenetic marks and expression profiles associated with different 9 types of TEs, based on their methods of transposition. We noted distinct patterns of DNA 10 methylation and histone modifications associated with class I and II TEs: class I TEs are 11 enriched with CG methylation, co-localizing with or without CHH methylation, while class II
12
TEs are predominantly marked by CHH DNA methylation, and CG and CHG methylation events 13 co-localize with one another (Fig S9) . A similar pattern was reported in soybean where a high 
24
When checked, many of the TEs with CHG methylation were found to be inserted into or 25 overlapping with genes (Table S8 ), reflecting the importance of maintaining these TEs in a 26 silent state. A similar phenomenon has been observed for Arabidopsis TEs which are inserted 27 into genes and whose repression is required to avoid the deleterious effects of TE insertion 28 into host genes 46 .
30
In summary the dissection of P. tricornutum genome reported here has led to the discovery Phaeodactylum tricornutum genome re-annotation (named as Phatr3) was done on the 5 Phatr2 genome assembly (ASM15095v2). The Phatr2 assembly was generated by the Joint 6 Genome Institute (JGI), which resulted in 10,402 gene models from 33 assembled scaffolds 7 (12 complete and 21 partial chromosomes) and 55 unassembled scaffolds 7 . Gene models 8 were predicted from RNA-Seq mapping and aligning the EST data-set using est2 genome.
9
Additionally we used SNAP and Augustus and MAKER2 for final gene predictions. Apart from 10 the previous assembly information, the species-specific data used in this re-annotation 11 included the following. 1 S4) 17 . To minimize artifacts arising from contamination between different MMETSP libraries, 2 each MMETSP library was first pre-cleaned using a BLAST pipeline as described previously 52 3 which identifies a custom similarity threshold between each constituent library above which 4 sequence pairs are inferred to be contaminants. In addition, following the methodology of a 5 previous study 10 , MMETSP libraries from a further twelve species were excluded due to the 6 presence of larger scale systematic contamination (Table S4 ).
8
The reference sequence library was split into twenty-five prokaryotic sub-categories, 9
including archaea and forty-nine eukaryotic sub-categories, which were finally binned into 10 nine distinct groups 10,19 (Table S4 ; well described in File S2). These are diatoms, non-diatom 11 stramenopiles, non-stramenopile SAR, CCTH (containing cryptomonads and haptophytes),
12
green eukaryotes (including glaucophytes), red algae, amorpheans, prokaryotes and viruses.
13
The taxonomic divisions were designed to reflect both current opinions regarding the global 14 organization of the tree of life, as defined using up-to-date taxonomic information 10,19 , and 15 to provide enhanced resolution of the closest relatives of P. tricornutum (i.e. other diatoms,
16
other stramenopiles, and other SAR clade members except for stramenopiles).
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Gene discovery and annotation 20 21 
38
Functional re-annotation 39 40
All predicted gene models were annotated for protein function using InterProScan 61 as part 
24

RT-PCR
26
Total cellular RNA was extracted from approximately 30 ml late-log phase P. tricornutum, 27 grown as described above, by phase extraction with Trizol (Thermo, France), followed by 28 treatment using RNAse-free DNAse (Qiagen, France) and cleanup using an RNeasy column 29 (Qiagen) as previously described 10 . RNA was verified to be free of residual DNA contamination 30 by PCR using previously generated universal 18S rDNA primers 66 . cDNA was synthesized from 31 100 ng RNA-free DNA using a Maxima First cDNA synthesis kit (Thermo), and PCR was 32 performed using the cDNA template and primers designed against the 5' and 3' ends of genes 
36
Representative products from each reaction were purified using PCR cleanup spin columns 37 (Macherey-Nagel, France), and confirmed by Sanger sequencing (GATC, France) using both 38 the forward and reverse PCR primers.
40
Conservation analysis of Phatr3 gene repertoire
42
The evolution of the P. tricornutum genome was examined using gene homology searches.
43
Orthologues of each gene were identified from each taxonomic sub-category, following the 44 methodology used in the original Phaeodactylum genome annotation, by reciprocal BLAST best hit with an initial threshold e-value of 1 x 10 -10 . To minimize the effects of sequence 1 contamination, and subgroup-specific gene transfer events, genes were only denoted as being 2 shared with a particular group if reciprocal BLAST best in at least two separate taxonomic sub-3 categories within that group, following methodology established elsewhere 10,67 .
5
BLAST top hit analyses 6 7
A novel pipeline, based on BLAST top hit analysis, was designed to determine the probable 8 gene transfer events that have occurred in the evolution of P. tricornutum, based on previous 9 BLAST based reconstructions of gene sharing in other photosynthetic eukaryotes 10,67 . For this 10 analysis, the top BLAST hit from each taxonomic sub-category, for each gene in the 11 Phaeodactylum genome, were collated to form a single reference library. To enable the 12 identification of highly divergent or partial copies of each gene, a relaxed threshold e-value 13 (10 -10 ) that has previously been used for evolutionary analyses of diatom genomes, was 14 employed 7,11 . Following methodology established in a previous study 10 and the RbH analysis Table S3 . The results obtained by this pipeline were compared to a subset of 324
22
Phat3 genes for which single-gene tree topologies generated using the expanded reference 23 library have previously been published 10 , and found to give broadly equivalent results (see 24 Results; Fig. S10 ; Table S10 ).
26
Conceptual translations of the entire Phaeodactylum genome was searched against this 27 modified library again using BLASTP, and the top ten hits for each gene were ranked. The 28 group and sub-category for each BLAST top hit was profiled. BLAST top hits were only recorded 29 if the top ten hits contained another sequence from a different sub-category within the same 30 group, as defined using the taxonomic categories defined above, with a better expected value 31 than the first hit from outside the same group as the top hit. For example, a BLAST output 32 consisting of a first hit from a centric diatom, a second hit from a pennate diatom, and a third 33 hit from a non-diatom group, would be considered to be genuine, whereas an output 34 consisting of a first hit from a centric diatom, second hit from a non-diatom, and third hit from 35 a pennate diatom would not. Genes for whom no BLAST hits were obtained were annotated 36 as producing "no match". Genes for which top hits were identified, but were not 37 taxonomically consistent with one another, as defined above, were annotated as being 38 "ambiguous".
40
The BLAST top hit analysis was modified in two further ways, to allow more precise 41 characterizations of different gene transfer events. First, the BLAST top hit analysis was 42 repeated with five additional reference libraries, created using the same process as detailed 43 above, but omitting six different groups of organisms, based on evolutionary proximity of the 44 nuclear group to P. tricornutum: first, all pennate diatoms were removed, then all diatoms, then all ochrophytes, then all stramenopiles, then all SAR clade members, and finally all SAR 1 and CCTH clade members 10,19 . This was performed to allow inference of gene transfer events 2 that have occurred in the ancient evolutionary history of P. tricornutum: for example, a gene 3 that yielded a diatom top hit with the full library and pennate diatom-free libraries, a non-4 diatom stramenopile top hit in the diatom-free library, and a prokaryotic top hit in the 5 stramenopile-free library would be inferred to have been undergone a lateral transfer 6 between prokaryotes, and an early ancestor of stramenopiles, and to have been vertically 7 inherited by Phaeodactylum tricornutum from the stramenopile ancestor onwards. Secondly, 8 all of the BLAST top hit analyses were repeated using modified libraries from which all groups 9 with a suspected history of secondary endosymbiosis (i.e. cryptomonads, haptophytes, 10 myzozoans, chlorarachniophytes, and euglenids) 10 .
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Alternative splicing
15
To explore the set of genes undergoing alternative splicing, exon skipping or intron retention, components. Science 281, 237-240 (1998 genes that were assigned (i.e., two or more top hits from two or more sub-categories from a 5 particular lineage, prior to the first top hit from outside that lineage) using the most reduced 6 reference dataset (i.e., all reference sequences, excluding SAR clade members, and other algal 7 lineages with secondary or tertiary plastids) is shown. For prokaryotic genes, two other 8 distributions (obtained for the entire dataset minus non-ochrophyte algae with secondary or 9 tertiary plastids, and the entire dataset minus pennate diatoms, and all non-ochrophyte algae 10 with secondary or tertiary plastids) are shown. Each chart additionally shows the relative size 11 of each sub-category within the reference sequence library, demonstrating that certain sub-categories contribute to substantially more of the top hits (e.g., the Deinococcus-Thermus 1 clade, in the distribution of prokaryotic genes for the full and pennate diatom-free datasets 2 that were modified to remove all non-ochrophyte lineages with secondary or tertiary plastids) 3 or fewer of the top hits (e.g., the streptophytes, in the distribution of green genes for the 4 dataset from which all SAR clade sequences, and other non-ochrophyte lineages with 5 secondary or tertiary plastids were removed) than might be expected given the corresponding 6 dataset size. 
